The fusion (F) protein precursor of virulent Newcastle disease virus (NDV) strains and human parainfluenza virus type 3 (HPIV3) has a multibasic amino acid sequence at the cleavage site, and intracellular cleavage activation occurs in a variety of cells. The host protease responsible for the cleavage has been proposed to be a subtilisin-like protease (subtilase) such as furin (the product of the fur gene). We found that the lymphocyte cell lines MOLT-4, Ramos and Daudi, in addition to NALM6, lacked the ability to fully cleave the F protein precursor of virulent NDV. In contrast, MT4 as well as the non-lymphocyte cell lines HeLa and Hep2 cleaved the F protein precursor efficiently. To investigate the role of subtilases in proteolytic processing, we examined the gene expression of candidate subtilases, furin, PACE4 and PC6 in these cleavage-competent and -incompetent cells. Considerable expression of the fur gene was observed in the cleavage-competent cells, but little or no expression was detected in the cleavageincompetent cells. PACE4 and PC6 gene expression was observed in some of the cleavage-competent cells but not in the cleavage-incompetent cells. These results suggest that furin is the protease responsible for cleavage activation of the F protein of virulent NDV strains in cultured mammalian cells and the possibility is raised that PACE4 and PC6 also participate in processing in some of the cells. On the other hand, the HPIV3 F protein was cleaved efficiently in lymphocyte cells deficient in subtilases, suggesting that an unknown protease other than furin, PACE4 or PC6 may be involved in the processing.
The envelope fusion (F) glycoproteins of paramyxoviruses are synthesized as an inactive precursor (F0) and post-translationally cleaved to the disulphide-linked F 1 and F 2 subunits by host endoproteases. This proteolytic processing is essential for its membrane fusion activity and viral infectivity. The F 0 proteins of virulent strains of Newcastle disease virus (NDV) and human parainfluenza virus type 3 (HPIV3) possess multibasic amino acid sequences, Arg-Arg-Gln-Arg/Lys-Arg (Toyoda et al., 1987; Glickman et al., 1988) and Pro-Arg-Thr-Lys-Arg (Spriggs et al., 1986) at their cleavage sites, respectively. Their cleavage activation occurs intracellularly in a variety of cells. The viruses can therefore undergo multiple-cycle replication in the cells, without exogenous proteases, and are considered to cause or potentially cause a systemic infection in hosts (Nagai, 1993) .
The host proteases responsible for the cleavage activation of the virulent NDV and HPIV3 F proteins t Present address: Department of Biochemistry, Molecular Biology, and Cell Biology, Northwestern University, Evanston, Illinois 60208 3500, U.S.A. are still unknown. The enzymes are thought to reside in the trans Golgi apparatus in various cultured cells (Morrison et al., 1985; Yoshida et al., 1986 Yoshida et al., , 1989 Kawahara et al., 1992) . Fractionation of rat liver cells has revealed that a trans Golgi membrane-rich fraction has a protease activity that specifically cleaves the F protein of virulent NDV. This activity is similar to that of a eukaryotic subtilisin-like endoprotease, Kex2 of yeast, in its Ca2+-dependence, optimum pH and inhibitor spectrum (Sakaguchi et al., 1991) . Recently, mammalian subtilisin-like serine proteases, mammalian subtilases, that cleave a multibasic or dibasic amino acid sequence in many proproteins have been characterized by molecular cloning (for a review, see Barr, 1991 ; Steiner et al., 1992) . The fur gene is expressed widely in many tissues and cultured cells. The fur gene product (furin) is a multiple basic amino acid-recognizing endoprotease showing Ca2+-dependence and a neutral optimum pH, and has been localized to the Golgi apparauts. Moreover, the furin expressed by a vaccinia virus vector has been shown to cleave the F 0 protein of virulent NDV strains both in NALM6 cells and in vitro (Gotoh et al., 1992) . Short communication Thus, furin is a leading candidate for the activating protease of virulent NDV strains. However, there is no evidence at present indicating that this enzyme is actually responsible for the processing in cells. In addition, two other mammalian subtilases, PACE4 (Kiefer et al., 1991) and PC6 (Nakagawa et al., 1993) , have been cloned more recently. They are also expressed in a wide variety of cells and organs, and are thus considered to be candidates for the virus-activating protease, although their enzymatic activities have not yet been fully characterized.
In the present study we examined expression of the fur, PACE4 and PC6 genes in various cells by Northern blot hybridization, to investigate the involvement of the candidate proteases in F 0 protein processing of virulent NDV strains and HPIV3. The finding that some lymphocyte cell lines were not able to process the virulent NDV F 0 protein allowed us to make such an approach and the results show that the expression of the subtilase genes, especially the fur gene, corresponds to the cleavability of the F 0 protein in mammalian cells.
A virulent strain of NDV, Miyadera, which possesses the Arg-Arg-Gln-Arg-Arg sequence at the cleavage site of the F 0 protein (Toyoda et al., 1987) , was grown in embryonated hen's eggs. HPIV3 strain C243 was propagated in the rhesus monkey kidney cell line LLC-MK2. The infectivity of these viruses was assayed by the plaque method on LLC-MK2 cells.
Human B lymphocyte cell lines NALM6, Ramos and Daudi, and T lymphocyte cell lines MOLT-4 and MT4 were grown in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS). The human tumour cell lines HeLa and Hep2 were grown in Eagle's MEM supplemented with 10% FCS and 10% newborn calf serum, respectively. An African green monkey kidney cell line, BSC40, and LLC-MK2 cells were propagated in Eagle's MEM supplemented with 10% FCS and 5% newborn calf serum, respectively.
The cells infected with NDV were labelled with •-[35S]methionine (37 TBq/mmol; ICN Biochemical), and the F proteins in the cell lysates were immunoprecipitated using anti-NDV F monoclonal antibody 320/1 (Abenes et al., 1986 ) and analysed by SDS-PAGE as described previously (Sakaguchi et al., 1991) .
[asS]Methioninelabelled virions of NDV and HPIV3 were prepared from the lymphocyte cell lines and the F protein in the virions was immunoprecipitated and analysed by SDS-PAGE as described (Sakaguchi et al., 1991; Kawahara et al., 1992) . The anti-HPIV3 F monoclonal antibody used was described by van Wyke Coelingh et al. (1985) . The protein bands on the gel were visualized and their radioactivity was quantified using a Fujix BAS 2000 Image Analyzer in the Medical Molecules Exploring Center of Hiroshima University School of Medicine (Fuji Photo Film, Tokyo, Japan) or by exposure to Kodak X-Omat X-ray film, followed by densitometry with the Argus-100 system (Hamamatsu Photonics).
The in vitro F 0 protein cleavage assay was performed by using NALM6 cell-grown [3~S]methionine-labelled NDV particles as described previously (Sakaguchi et al., 1991) . A crude cell membrane fraction for the assay was prepared by homogenizing cells in a Dounce homogenizer in the presence of 10 mM-HEPES pH 7"0. The homogenate was centrifuged at 2000 g for 10 min and the supernatant was then centrifuged at 100000 g for 60 min. The pellet was resuspended in 10 mM-HEPES pH 7.0 and used for the assay.
For analysis of subtilase gene expression, Northern blot hybridization was carried out. Total cellular RNA was extracted from the cells with guanidinium thiocyanate followed by ultracentrifugation in caesium chloride solutions (Sambrook et al., 1989) . The RNA (10 lag per lane) was separated by electrophoresis on an agarose gel after denaturation with glyoxal and DMSO (Sambrook et al., 1989 ) and transferred to a nylon membrane (GeneScreen; NEN). Prehybridization was carried out at 42 °C in 50 % formamide, 50 mM-Tris-HC1 pH 7"5, 5 x Denhardt's reagent, 0.1% sodium pyrophosphate, 1 M-NaC1, 10 % dextran sulphate, 1% SDS and 100 pg/ml heat-denatured salmon sperm DNA. Hybridization with a multiprime-labelled probe (> l xl07 c.p.m.) was carried out at 42°C overnight in a solution identical to that used for prehybridization except that salmon sperm DNA was omitted. The membranes were then washed serially under conditions of high stringency; the final wash was performed in 0.2 x SSC and 0-1% SDS at 68 °C for 1 h. The bands on the membrane were visualized and their radioactivity was quantified by the Image Analyzer.
DNA fragments of 495 and 465 bp corresponding to nucleotides 1345 to 1839 of the human furin (van den Ouweland et al., 1990) and nucleotides 1541 to 2005 of human PACE4 (Kiefer et al., 1991) mRNAs, respectively, were produced by PCR amplification (Saiki et al., 1988) of the reverse-transcribed product of Hep2 cell mRNA. The synthetic oligonucleotides used for the amplification were 5' ATCATTGCTCTCACCCTG-GA 3' and 5' CTCATCCCAGGAATGAGTTG 3' for furin cDNA, and 5' CTGAAAGCGAGCGACTGG-AA 3' and 5' CTGGGATGGCAGATCTTGGA 3' for PACE4 cDNA. These probes were designed not to contain the proposed protease catalytic domain, since this region has enough homology between fur and PC 1/PC3 for cross-hybridization to occur (Hatsuzawa et al., 1990; Nakayama et al., 1991) . The fragments were subcloned in pUC19 and their identities were confirmed by restriction endonuclease digestion and sequencing. A 242 bp DNA probe for PC6 mRNA corresponding to nucleotides 902 to 1143 of mouse PC6 cDNA (Nakagawa et al., 1993) was a generous gift from Drs Y. Matsuda and A. Tsuji (University of Tokushima, Tokushima, Japan). It was prepared from cDNA of LLC-MK2 cells by PCR using degenerate primers to the cDNA sequence of conserved amino acids of mammalian subtilases. A HindlII-XbaI fragment of plasmid pHcGAP, which was obtained from the ATCC, was used as a hybridization probe for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
We first investigated proteolytic cleavage of the F protein precursor of virulent NDV Miyadera in various cultured cells including those derived from B and T lymphocytes. As shown in Fig. 1 (a) , in HeLa and Hep2 cells the F 0 protein was efficiently cleaved into F 1 and F 2, although F 2 could not be resolved under the gel conditions. However, about 8 0 0 of the F protein remained unprocessed during the chase period in the lymphocyte cell lines MOLT-4, Ramos and Daudi, which is similar to the efficiency of cleavage observed previously in NALM6 cells (Sakaguchi et al., 1991; Kawahara et al., 1992) . In MT4 cells, 66 % of the F protein was cleaved.
Next, we examined the F protein in virions released from the cells in which the F protein was not efficiently processed (Fig. l b) . The virions from MOLT-4, NALM6, Ramos and Daudi cells contained 75 to 81% of the F protein in the uncleared form, indicating inefficient cleavage of the F 0 protein in these cells. In contrast, the F protein in the virions derived from MT4 cells was almost completely cleaved into F1 and F2. To clarify the discrepancy between the F protein cleavage observed in MT4 cells and in the virions released from the cells, intracellular transport of the F protein was examined in MT4 cells. More detailed pulse-chase experiments with virulent NDV-infected MT4 cells showed that approximately 30 % of the F protein remained uncleared even after 120 min of chase (data not shown). In addition, the uncleaved portion of the F protein remaining in MT4 cells after 90 min of chase was found to be resistant to cleavage by trypsin added to the medium during the chase period (data not shown). These results suggest that the F protein synthesized in MT4 cells was inefficiently transported to the cell surface, but the protein transported and incorporated into the virion was cleaved efficiently in the cells. Thus, MT4 cells as well as HeLa and Hep2 ceils can cleave the F 0 protein of virulent NDV, but MOLT-4, NALM6, Daudi and Ramos cells cannot perform the proteolytic processing efficiently.
To characterize the F protein-processing activity in the cells described above, proteolytic activities in cell membranes from HeLa, Hep2, MOLT-4, MT4 and NALM6 cells were examined by an in vitro cleavage assay using radiolabelled, NALM6-grown, F0-containing NDV virions as a substrate. Significant protease activities were present in cell membranes from the F protein cleavage-competent cells HeLa, Hep2 and MT4, whereas only a trace of activity was detected in the membranes from the cleavage-incompetent cells MOLT-4 and NALM6 (data not shown). The proteolytic activities of the cleavage-competent cells were almost completely inhibited by removing CaCI2 from the reaction mixture and inhibited even more by adding 5 mM-EGTA to the CaCl:depleted mixture, suggesting that the protease activities are CaZ+-dependent (data not shown). The activities were partially inhibited by p-chloromercuric benzoate, whereas they were resistant to E-64 [trans-epoxysuccinyl-g-leucylamido(4-guanidino)-butane], o-phenanthroline, pepstatin A and PMSF (data not shown). The Ca~+-dependence and the inhibitor profile, which is similar to those of yeast Kex2 (Fuller et al., 1989; Mizuno et al., 1989) and furin (Hatsuzawa et al., 1992; Molloy et al., 1992) , resembled that of an NDV Short communication F0-converting activity in a Golgi fraction of rat liver cells (Sakaguchi et al., 1991) , suggesting that the proteases responsible for cleavage of the F protein of virulent NDV strains are subtilases. The inefficient F protein cleavage observed in some of the lymphocyte cell lines could be due to lack of the protease responsible for the processing. It is unlikely to be owing to suppression of the protease activity by an inhibitor in the cells, because the /n vitro proteolytic activity in Hep2 cell membranes was not inhibited by addition of the membranes from cleavage-incompetent NALM6 cells (data not shown).
Since the proteases detected in HeLa, Hep2 and MT4 cells are suggested to be subtilases, we investigated expression of fur, PACE4 and PC6 genes in the cleavagecompetent and -incompetent cells by Northern blot hybridization. BSC40 and LLC-MK2 cells, in which the NDV F protein is fully cleaved as shown previously (Kawahara et al., 1992) , were also examined for expression of these genes. As shown in Fig. 2 , furin mRNA was detected in all of the cleavage-competent cells, HeLa, Hep2, MT4, BSC40 and LLC-MK2, but hardly detected in the cleavage-incompetent cells. The estimated size of the mRNA was 4.5 kb, which is consistent with a previous report (Roebroek et al., 1986) . When the radioactivities in the bands were normalized to GAPDH gene expression, significant expression of the fur gene was confirmed in the cleavage-competent cells, whereas the cleavage-incompetent cells MOLT-4, NALM6, Ramos and Daudi showed little or no expression of the fur gene. The 4.5 kb PACE4 mRNA, which was observed by Kiefer et al. (1991) in various cells, was detected in HeLa and Hep2 cells and barely detected in LLC-MK2 and BSC40 cells, whereas the mRNA was not detected at all in the B and T lymphocyte cell lines examined (Fig. 2) . The 5-3 and 3.6 kb PC6 mRNAs were detected only in LLC-MK2 and BSC40 cells among the cells examined, the latter of which had been shown to express PC6 mRNA previously (Nakagawa et al., 1993; Fig. 2) . A faint band, which was not observed by Nakagawa et al. (1993) , was also detected between the two bands in the position of 28S rRNA. The two bands of PC6 mRNA appeared to correspond to the upper two of the three bands reported by Nakagawa et al. (1993) . The smallest 1.8 kb transcript reported by them was not detected in the present study. This may be owing to differences in the probes used. Although the probe for PC6 was to the catalytic domain, which is relatively conserved among subtilases and showed 80 % homology to human PACE4 cDNA, the probe did not hybridize with human PACE4 mRNA in HeLa or Hep2 cells under the stringent washing conditions used. These results strongly suggest that furin is a protease involved in the processing of the F 0 protein of virulent NDV strains in HeLa, Hep2, LLC-MK2, BSC40 and MT4 cells, and also raise the possibility that PACE4 and PC6 are also involved in the F o processing in HeLa, Hep2, respectively. Since we have recently demonstrated that the F 0 proteins of HPIV3 and simian virus 5 are efficiently cleaved in NALM6 cells, where only small amounts of The present study has demonstrated that several B and T lymphocyte cell lines, Ramos, Daudi and MOLT-4, in addition to NALM6, cannot fully process the F 0 protein of virulent NDV into F1 and F~. In contrast, in another T cell line, MT4, which is persistently infected with human T cell leukaemia virus type I, the F 0 protein was observed to be cleaved as efficiently as in the human and monkey non-lymphocyte cell lines, HeLa, Hep2, LLC-MK2 and BSC40, although intracellular transport of the glycoprotein appeared to be inefficient in MT4 cells. In the four cleavage-incompetent cells, little or no expression of the subtilase genes fur, PACE4 and PC6 was detected, whereas significant expression of the fur gene was observed in all of the cleavage-competent cells including MT4. These results indicate that expression of the fur gene correlates with the cleavability of the F protein of virulent NDV in the cells examined, suggesting that the amounts of furin also correspond to cleavability, although the constitutive expression level of furin is too low to be detected by the usual immunological procedures using anti-furin antibody (Bresnahan et al., 1990; Wise et al., 1990; Misumi et al., 1991) . The inefficient cleavage observed in the cleavage-incompetent cells may be due to a low expression level of furin. Therefore the present study, together with a previous study (Gotoh et al., 1992) , strongly suggests that furin possesses the properties of the activating protease of virulent NDV strains and that it is the enzyme involved in the proteolytic processing of the F protein in mammalian cells. In the present study no obvious correlation was observed between the expression of PACE4 or PC6 and F 0 cleavage, but the involvement of these enzymes in the processing cannot be ruled out, since the PACE4 and PC6 genes were expressed in some of the cleavage-competent cells but not in the cleavageincompetent cells. Further enzymological and biological characterization of the enzymes are required to clarify their significance in F protein processing.
On the other hand, the HPIV3 F protein was shown to be cleaved efficiently in the lymphocyte cells deficient in subtilases, suggesting that an unknown subtilase other than furin, PACE4 and PC6, or a completely unrelated protease, may be involved in the processing. Alternatively, the HPIV3 F protein may be highly sensitive to furin and therefore be cleaved by the enzyme in amounts too low to allow cleavage of the NDV F protein. The former possibility seems to be in line with the data recently presented by Kido et al. (1993) that a new candidate for the processing protease of the gpl60 of human immunodeficiency virus type 1 (HIV-1), which possesses a Gln-Arg-Glu-Lys-Arg sequence at the cleavage site (McCune et al., 1988) , has been purified from MOLT-4 cells and shown to be a serine protease different from subtilases. Thus, there may be redundancy for processing enzymes of some but not all viral glycoproteins and this may then correlate with the viral host range or pathogenicity.
Many envelope fusion glycoproteins of animal viruses, including paramyxoviruses, orthomyxoviruses and retroviruses, are synthesized as a precursor and proteolytically processed at their dibasic or multibasic amino acid sequence (for a review see Klenk & Rott, 1988; Nagai, 1993) . A protease that cleaves influenza virus haemagglutinin at its multibasic cleavage site has been purified from M D B K cells and shown to be antigenically related to furin (Stieneke-Gr6ber et al., 1992) . Furin also cleaves the gp 160 of HIV-1 (Hallenberger et al., 1992; Morikawa et al., 1993) . Thus the present study on virulent NDV emphasizes the importance of furin in the proteolytic processing of viral fusion glycoprotein precursors. However, to clarify the significance of host proteases including furin in viral pathogenesis, studies need to be carried out in target and non-target cells of natural hosts of the respective viruses, since expression levels of the protease genes were different in the individual cell species, as shown in the present study.
